Significant progress has been made over the past several years in the development of silicon carbide (SiC) films grown via low pressure chemical vapor deposition (LPCVD) from the single precursor, 1,3-disilabutane (DSB) for microelectromechanical systems (MEMS) applications. Polycrystalline 3C-SiC (poly-SiC) deposition capabilities have been scaled up from depositions on a single 1cm × 1cm piece of Si to forty-five 150 mm Si wafers. Insitu doping with gaseous ammonia and post-deposition annealing have been developed, resulting in a lowest resistivity of ~0.02 Ω·cm to date. Plasma etch chemistries for SiC with good selectivity to silicon dioxide and silicon nitride masking layers have been discovered and characterized. Extensive mechanical, electrical, and tribological characterization of the SiC films have been performed. These SiC films have been applied as both MEMS structural layers for high-frequency resonators and thin film coating layers to improve anti-stiction properties and harsh environment performance.
I. Introduction
Microelectromechanical systems (MEMS) technology is increasingly used for sensors and actuators in moderate environments typical of commercial applications. There is demand for these devices to perform in harsh environments (1, 2), including operation at high temperatures, intense radiation, and in corrosive and abrasive conditions (3) . Silicon carbide is superior to silicon, the standard MEMS structural material, for performance in harsh environments. It has a higher melting temperature, larger bandgap, greater fracture strength, and better wear resistance than Si. In addition, the large acoustic velocity of SiC, makes it well-suited as a structural material for high frequency MEMS resonators (1).
There are two categories of silicon carbide polytypes, namely α-and β-SiC. The only cubic polytype is termed 3C-SiC or β-SiC. The ability to deposit 3C-SiC thin films on a variety of substrates, such as silicon, silicon oxide and silicon nitride, at low temperatures makes 3C-SiC well-suited for MEMS applications. Other polytypes, of which the 6H-SiC and 4H-SiC polytypes are the most common, are either hexagonal or rhombohedral and are all classified as α-SiC. Availability of high quality single crystal 4H-SiC and 6H-SiC substrates makes these polytypes well-suited for SiC based electronics.
Silicon carbide thin films have been deposited with CVD using two precursors, one for Si and one for C. Various chemistries have been implemented, including silane or dichlorosilane for the Si source and propane or acetylene for the carbon source (4) (5) (6) (7) (8) . Single-source precursors containing both Si and C in the same molecule including methyltrichlorosilane, (9) , methylsilane (10), diethylmethylsilane (11) , tetramethylsilane (12) , hexamethyldisilane (12) , silacyclobutane (13) , and 1,3-disilabutane (14) have also been used for deposition of SiC films via CVD. This paper reviews efforts to develop poly-SiC deposited from a single precursor, 1,3-disilabutane, as a standard MEMS material. First, deposition and in situ doping of film are summarized. Next, plasma etch chemistries with selectivity to poly-SiC over silicon dioxide and low stress nitride are presented along with a fabrication sequence for the creation of poly-SiC MEMS devices. Characterization of the films is summarized and efforts to make poly-SiC processing compatible with standard silicon microfabrication technology are discussed.
II. Deposition Method
Boo et al. first reported growth of poly-SiC films from the metalorganic compound 1,3-disilabutane (H 3 Si-CH 2 -SiH 2 -CH 3 ) at relatively low temperature of 650°C (14) . The initial demonstration of DSB-based SiC film for MEMS applications was reported by Stoldt et al. (2, 15) . The deposition was performed in a cold wall reactor with base pressure of 2×10 -9 Torr and deposition pressures between 10 -4 and 10 -5 Torr. The substrates, Si(100), Si(111), and polycrystalline silicon (poly-Si) coated Si(100) dice (1cm × 1cm), as well as released poly-Si microstructures, were heated radiatively with a tungsten filament to deposition temperatures of 800-1000°C. X-ray diffraction (XRD) experiments showed that the films were polycrystalline and of the 3C polytype when deposited at 1000°C, but showed some α-SiC character at a deposition temperature of 850°C. Auger electron spectroscopy indicated that films deposited near 800°C were carbidic and had a 1:1 Si:C stoichiometry; however, films deposited near 1000°C exhibited a slightly Si-rich surface.
As described next, more recent efforts have expanded this deposition scheme to larger substrates to allow the incorporation of the technique into standard microfabrication facilities.
A. Small Scale LPCVD Reactor
A commercial hot-wall horizontal LPCVD reactor (Tek-Vac CVD-300-M) was used to deposit films on substrates as large as 2-inch wafers. The tube had a 75 mm inner diameter, was 600 mm in length with a hot zone of 450 mm, and had a base pressure of 10 -7 Torr. XRD analysis showed that films deposited at 700°C and greater were polycrystalline 3C-SiC. Transmission electron microscopy (TEM) indicated the films deposited at 850°C consisted mainly of columnar <111> oriented 3C-SiC grains ( Figure  1 ) (16) . X-ray photoelectron spectroscopy (XPS) indicated the films were carbidic and nearly stoichiometric. Films deposited at temperatures at or greater than 750°C were slightly C-rich at the surface, while films deposited at 700°C and less were slightly Sirich at the surface. Atomic force microscopy (AFM) showed a dependence of surface roughness on temperature. RMS roughness varied from 8.7 nm at a deposition temperature of 650°C to 22.8 nm at 850°C for 2 µm thick films (17) . (18, 19) . Deposition was found to occur primarily through two pathways. The first involves DSB adsorbing on the surface, reacting to form SiC and adsorbed hydrogen, and adsorbed hydrogen recombining and desorbing from the surface. The second pathway entails a gas phase reaction of DSB to form a reactive intermediate species, CH 3 SiH 2 CH 2 SiH, which adsorbs on the surface, reacts to form SiC and adsorbed hydrogen, followed by the recombination and desorption of the adsorbed hydrogen. The kinetic data has been incorporated in a 1-D finite element model, which yielded growth rate values in good agreement with experimental values for deposition temperatures ranging from 650°C to 850°C (18).
B. Large Scale LPCVD Reactor
SiC was deposited on both 4-and 6-inch Si wafers in a commercial Tylan Titan II horizontal LPCVD reactor. This reactor is capable of processing up to 45 wafers simultaneously. Films with less than 2% within wafer nonuniformity were deposited using a closed boat configuration at the deposition pressure of 150 mTorr. The maximum average growth rate in the closed boat configuration is 7.5 nm/min, corresponding to 750°C growth temperature. Secondary ion mass spectrometry indicated that the films were C-rich at the surface. TEM analysis ( Figure 2 ) indicated that the films had smaller grains than films deposited at similar deposition temperatures in earlier generation reactors. AFM analysis showed that films deposited in the closed boat configuration were relatively smooth with a RMS roughness of 1.3 nm for 300 nm thickness (20) . 
III. Doping

A. In-Situ Doping
In-situ doping of the SiC films was achieved by adding ammonia as a dopant precursor gas. Nitrogen atoms were incorporated into the film during the deposition process and acted as n-type dopants in SiC. Increased ammonia flowrates led to increased amounts of nitrogen in the film ( Figure 3 ) and decreased crystallinity [16] . XPS analysis suggests that Si-N bonds predominated along with a reduction in Si-C bonds (21, 22) . Post-deposition annealing has been performed in order to activate more dopant atoms and reduce film resistivity. Annealing of doped films was performed in argon ambient (760 Torr) for 8 hours. Samples were annealed at temperatures ranging form 900-1200°C. XPS analysis showed that annealed films had a higher fraction of N atoms bonded to silicon (23) .
IV. Etching
In microfabrication, patterns are transferred from photoresist layers to structural layers by etching. While several etch chemistries, both wet and dry, exist for more standard MEMS materials like poly-Si and SiO 2 , SiC is difficult to etch due to its highly chemical resistant nature. Wet etching of SiC films requires high temperatures and highly caustic environments, for instance molten KOH at 700°C (1). In plasma etching, such as the CHF 3 /O 2 /He plasma etch, achieving selectivity between the masking layer and the SiC layer to be etched requires a metallic thin film (24) . However, metallic films have two drawbacks, micromasking and contamination of etch chambers, which make them undesirable for use in standard microfabrication processing. In order to etch SiC safely and anisotropically without contaminating processing equipment, three dry etch chemistries have been developed and characterized, SF 6 -O 2 , HBr, and HBr-Cl 2 (25) .
A SF 6 -O 2 based etch chemistry has been implemented in a LAM Research transformed couple plasma (TCP) 9400 etching system. Two types of silicon oxide layers, a low temperature LPCVD oxide (LTO) and a plasma enhanced CVD oxide (PEO), were used as masking layers. Etching with 70% or less O 2 yielded selective etching to SiC over either LTO or PEO; however, higher percentages of O 2 etched the oxide films faster than SiC. The SiC features remaining after etching tended to have angled sidewalls. Close to vertical sidewalls were not achieved at low (< 80%) plasma oxygen content, meaning that high selectivity and vertical sidewalls were difficult to achieve under the same etch conditions with this chemistry (26) .
TCP HBr-based etch chemistries, standard for etching Si selectively to SiO 2 or low stress nitride (LSN), were applied to poly-SiC. Etch selectivity was found to be highly dependent on chamber pressure, with selectivity higher than 20:1 found for both SiC/LSN and SiC/LTO (Figure 4) . At 80 mTorr chamber pressure, nearly vertical sidewalls were achieved (27) . The addition of chlorine gas (Cl 2 ) was found to improve the etch profile and etch rate. Adding Cl 2 doubled the etch rate of poly-SiC with little change to the selectivity to LSN and a moderate (15%) reduction in selectivity to LTO. At 12 mTorr chamber pressure, sidewalls which are closest to being vertical were achieved when using 62.5% Cl 2 (25) . 
V. Microfabrication Process
Surface micromachining with these SiC structural layers has been demonstrated ( Figure 5 ). One method uses a two-mask process to pattern SiC devices. First, thermal oxidation was used to grow an electrical isolation layer. A LPCVD Si 3 N 4 passivation layer and a poly-Si ground plane followed. Next, a sacrificial LTO layer was deposited via LPCVD and was patterned with photolithography (mask 1). On top of this layer was deposited the poly-SiC structural layer and a LTO hard mask layer. The hardmask layer and then the poly-SiC layer were patterned by photolithography (mask 2) (25). Devices were released in HF. This method has been used to fabricate a number of test structures for film characterization as well as MEMS resonant devices, such as folded flexure resonators (28) and Lamé-mode resonators (22) . The second method is a single-mask process and entails depositing the poly-SiC structural layer directly onto the Si substrate. A LTO hard mask layer was deposited on top of this layer and both layers were patterned with photolithography. The LTO layer was etched with HF and the poly-SiC structure was subsequently released with a timed isotropic XeF 2 undercut etch (29) . This method has been used to fabricate simple structures that require no actuation or can be manually actuated and hence, do not require electrical isolation from the substrate. Examples include the vernier strain test structure described in the following section.
VI. Film Characterization
The films deposited using the small-scale reactor, for deposition on 2" wafers, have been extensively characterized.
A. Electrical Properties
Electrical properties were altered by changing the dopant precursor, NH 3 , flowrate. As the NH 3 flowrate was increased, resistivity decreased ( Figure 6 ), carrier concentration increased and mobility decreased (Figure 7) (22, 23) . Above ammonia fractions of 3% in the inlet gas mixture, the incremental increase in carrier concentration was no longer large enough to overcome the incremental decrease in mobility; hence, resistivity reached a constant, minimum value. The temperature coefficient of resistivity (TCR) has also been characterized (Figure 8 ). Undoped SiC films have much higher TCRs than films doped with 1% or 5% ammonia (22) . 
B. Mechanical Properties
The Young's modulus of films deposited in the small-scale reactor was characterized with folded-flexure resonators. The resonant frequency is a function of the resonator geometry, Young's modulus, and mass density. Resonator geometry was measured with scanning electron microscopy and the density was assumed to be the bulk density of 3C-SiC, which yielded a Young's modulus of 710 GPa for a poly-SiC film deposited with 4% NH 3 (28) . The much greater Young's modulus of SiC, in contrast to silicon, is one of its advantages as a MEMS structural film (30) .
Residual strain has been measured for SiC films deposited in the small-scale reactor utilizing microfabricated strain gauges. The strain gauges consisted of two beams, which expand or contract after release. The strain relaxation was amplified via a simple lever and the displacement of the end of the indicator lever was read using a microfabricated vernier gauge. Residual strain was found to increase with increasing deposition temperature ( Figure 9 ) (29) . Residual strain gradient was also determined for the films by measuring the tip displacement of released cantilever beams. For films deposited at 800°C strain gradient was measured to be 3.6x10 Fracture strain of SiC films deposited from DSB in the small scale reactor has been measured using a microfabricated test structure consisting of cantilever beams on a moving shuttle. The shuttle was actuated with a microprobe, bending the cantilever beams. The displacement of the beams at fracture was related to the strain at fracture, which was 3.3% on average. Using a Young's Modulus of 710 GPa, the fracture stress was 23.4 GPa for poly-SiC, much greater than the fracture strength of poly-Si which has been measured to be 4.2 GPa (31) using a similar technique.
C. Stiction and Wear Properties
The stiction characteristics of poly-Si films deposited in the small scale reactor were investigated with a collection of microstructures. Cantilever beam arrays were used to demonstrate that poly-Si beams fabricated with a poly-Si ground plane had a much greater apparent work of adhesion (20 mJ/m 2 ) than poly-Si beams fabricated with a polySiC ground plane (<0.006 mJ/m 2 after release). Microfabricated poly-SiC sidewall stiction test structures (4 mm long, 2 µm × 2 µm cross section and 2 µm spacing from a fixed sidewall) did not exhibit any sidewall stiction when manually actuated (32) .
The wear resistance of thin (40-50 nm) poly-SiC coated poly-Si microstructures was investigated by Ashurst et al. (33) . Microfabricated poly-Si sidewall friction test structures were released, coated with a 1-octadecene based self-assembled monolayer to mitigate release stiction, and then coated with 40-50 nm of poly-SiC in the small scale reactor. The poly-SiC coated microstructure withstood more than 1 million wear cycles, after which they were still functioning, while similar devices which were uncoated failed after 11,000 wear cycles. The poly-SiC coating even performed better than a dichlorodimethylsilane (V-DDMS) based monolayer coating deposited from vapor phase, which failed after 400,000 wear cycles. SEM investigation of the tested beams showed evidence of wear debris and scarring for the uncoated and VDDMS coated cases, but none for the poly-SiC coated beam. The SiC coating also imparted remarkable self lubricating properties to the rubbing surfaces, as evidenced by the monotonic decrease in coefficient of static friction over the duration of the wear test (33) .
D. Harsh Environment Testing
In order to demonstrate their harsh environment survivability, poly-SiC films were subjected to a battery of tests. Immersion of both micron thick poly-SiC structural layers and thin poly-SiC coating layers in 33% hot KOH (65°C) for one hour yielded no noticeable etching, film delaminating or cracking for all undoped films (2, 34), while poly-Si structures without SiC coating were completely etched away. When subjecting doped films to the same hot KOH environment, only the films deposited with the highest NH 3 flowrate (5%) exhibited microcracks (21) . Heating the poly-Si to 850°C in a room ambient environment and to 950°C in a H 2 -flame has been used to demonstrate oxidation resistance superior to that of silicon. Unlike poly-Si, poly-SiC films were scratch resistant when scribed with a tungsten probe tip (34) .
VII. Applications
A. Thin Film Coating CVD SiC films have been used as coatings of Si microstructures to render the Si microstructures more resistant to harsh environments. In one instance, released poly-Si microstructures were coated with SiC. Folded-flexure resonators thus coated exhibited an increase in resonant frequency due to the higher modulus to density ratio of SiC over poly-Si. In addition, SiC coated poly-Si microstructures could withstand a 60 sec hot KOH (33%) wet etch, while uncoated poly-Si structures were completely etched away under similar conditions (2).
In another instance, SiC thin films were used to coat single crystal Si(100) components that were fabricated using deep reactive ion etching (DRIE) for a milli-scale Wankle engine. Such parts exhibited resistance to immersion in hot KOH as well as increased oxidation resistance (34).
B. Structural Layer
In addition to coatings, CVD SiC films have been used as MEMS structural layers. Implementing SiC as the structural layer has several benefits. Devices can withstand harsh environments due to the inherent high melting temperature, chemical resistance and wear resistance of SiC. Additionally, due to the high modulus to density ratio of SiC, resonators constructed from SiC structural layers have a higher resonant frequency than resonators of similar geometry constructed in poly-Si or poly-SiGe. However, the minimum electrical resistance of doped-SiC films, 0.02 Ω·cm, while much lower than that of undoped films, >400kΩ·cm, is much higher than that of doped poly-Si, 8x10 -4 Ω·cm. This higher electrical resistance introduces additional losses in any resonator constructed with a poly-SiC structural layer. To mitigate these losses, a differential drive and sense configuration has been implemented. Both a single Lamé-mode resonator and a checkerboard filter incorporating five Lamé-made resonators using a differential drive and sense configuration have been fabricated from a poly-SiC structural layer, demonstrating that SiC could be used to fabricate high quality factor, high frequency electromechanical signal processing elements (35) .
VIII. Conclusions
Several microfabrication processes for polycrystalline 3C-SiC thin films deposited from DSB have been developed and characterized. Poly-SiC can now be deposited, doped, and patterned via well-characterized processes. MEMS devices constructed from poly-SiC have higher modulus to density ratios and increased resistance to harsh environments than their poly-or crystalline Si counterparts. Coating poly-Si MEMS with thin (40-50nm) poly-is also attractive for enhancing their robustness. Characterization of SiC films deposited in the large-scale LPCVD reactor, which is compatible with 150 mm wafers, is currently underway.
